Transistor gate stack systems consisting of atomic layer deposited HfO 2 with polycrystalline silicon or TiN gate electrodes have been characterized by analytical electron microscopy to elucidate underlying physical contributions to electrical performance differences. High-angle annular dark-field scanning transmission electron microscopy was used to determine film and interface thickness dimensions and chemical analysis depth profiling was obtained from electron energy loss spectra and energy dispersive x-ray spectra. The high-k gate dielectric film system is shown to be influenced by the choice of electrode material with the formation of an HfO 2 -poly-Si interface that increases the dielectric equivalent oxide thickness and may affect electron trapping characteristics. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2011827͔ Application of SiO 2 as the gate dielectric will be restricted in the near future due to its inability to maintain the performance requirements for highly scaled devices regarding gate leakage current. The performance of transistors that incorporate high k materials, in particular HfO 2 , are being aggressively evaluated. It was found that high-k gate stack characteristics may be significantly influenced by surface microroughness of the dielectric films and interactions with electrode materials. 1, 2 This letter provides electrical and microscopic analysis of the gate stacks in NMOS devices fabricated using O 3 treatments of Si ͑100͒ substrates in conjunction with both chemical vapor deposited ͑CVD͒ TiN and polycrystalline silicon ͑poly-Si͒ electrodes. All samples tested consist of 55 cycles ͑3.0 nm͒ of atomic layer deposited ͑ALD͒ HfO 2 followed by a post deposition anneal ͑PDA͒ at 600°C for 60 s in N 2 ambient prior to electrode deposition. Similarly, all devices, whether poly-Si ͑200 nm thick͒ or TiN ͑10 nm thick capped with 180 nm thick poly-Si͒ received a source/drain and poly-Si dopant ͑10ϫ 10 15 phosphorus atoms/cm 2 , scaled slightly in dose and energy to achieve uniform P distribution to minimize poly-Si depletion effects of both device types͒ activation upon rapid thermal anneal ͑RTA͒ exposure of l000°C for 10 s in N 2 ambient.
The transistor performance data in Table I correspond to specific device measurements, however, the values are representative of the results obtained for many such devices fabricated under similar process conditions. A significant reduction in equivalent oxide thickness ͑EOT͒ was achieved by substituting TiN for poly-Si, as illustrated by the correspondingly higher capacitance values in the C-V plots of In order to investigate the physical cause for electrical performance differences, highangle annular dark-field scanning transmission electron microscopy ͑HAADF STEM͒ was performed to measure the physical thickness of HfO 2 and the HfO 2 -Si interfacial layer ͑IL͒ as indicated in Table I . Within the STEM, electron energy loss spectra ͑EELS͒ and energy dispersive x-ray spectroscopy ͑EDXS͒ data were recorded simultaneously while stepping the electron probe across the gate stack samples in cross section. Element profiles of these gate stack systems illustrated in Figs. 2 ͑TiN͒ and 3 ͑poly-Si͒ were generated from the recorded spectra by integrating appropriate regions of background corrected spectra. Microscopy and spectroscopic data were recorded in a 300 kV instrument ͑FEI TECNAI F30͒ employing a focused electron probe size of Ϸ0.3 nm full width at half-maximum ͑FWHM͒ and energy spread of Ϸ1.0 eV FWHM. The probe forming convergence semiangle was 10 mradians and the spectrometer collection angle for EELS was 20 mradians. The EELS integration windows were chosen to quantitatively normalize profiles of a͒ Author to whom correspondence should be addressed; electronic mail: pat.lysaght@sematech.org oxygen, nitrogen, carbon, silicon, and titanium and the relatively low intensity ͑several orders of magnitude͒ position dependent integrated Hf L ␣ EDXS signal was scaled to overlay on the plots of EELS profiles.
The intensity in the HAADF-STEM Z-contrast image in the top portion of Figs. 2 and 3 is roughly proportional to the atomic number squared and is, therefore, dominated by Hf, Z = 72. Unlike phase contrast images of high resolution transmission electron microscopy ͑HRTEM͒ which are primarily sensitive to crystallinity, Z-contrast clearly distinguishes bright, high density HfO 2 from the dark, low density SiO 2 -like IL which enables more accurate determination of the physical thickness of the layers. 3 Element profiles plotted in the ͑lower͒ spectra portion of Figs. 2 and 3 were acquired along a straight line scan from substrate through electrode of the gate stack where the length profiled matches the width of the STEM image shown. The physical separation and slope of the Hf and O signals at the IL region are consistent with previous reports that claim Hf is not present in measurable quantities in the IL near the Si substrate. [4] [5] [6] [7] [8] [9] The detection sensitivity, which may be influenced by local composition due to scattering of incident electrons and associated signal interference, is a few atomic percent.
For the TiN case in Fig. 2 , the physical thickness of the IL exceeds the measured EOT, indicating the dielectric constant of the IL should be greater than that of SiO 2 ͑k SiO2 = 3.9͒. There are two plausible explanations for the apparent higher permittivity of the IL. First, Hf silicate formation resulting from thermal processing of HfO 2 deposited on SiO 2 must be considered. This is difficult to substantiate since thermodynamics indicates a preference for Hf silicate to demix and segregate to end member binary oxides when exposed to anneal processing in this temperature range ͑1000°C/10s.͒ and x-ray absorption near edge fine structure ͑XANES͒ and other advanced methodologies have failed to detect the Hf d-state features of Hf silicate ͑narrow relative to HfO 2 ͒ in comparable film systems. 6, 7, 10 Aside from uncertainty beyond spectroscopic detection limits, the case for Hf silicate is typically based on the calculated higher permittivity for the IL with dimension determination confounded by interfacial roughness coupled with interpretation of x-ray photoelectron spectra ͑XPS͒ which may be compromised by charges in the surface layer. Decoupling interfacial roughness from Hf silicate is extremely difficult since both transition volumes are characterized as intermediate electron density between SiO 2 and HfO 2 . Also, a shift of the Si 2p Fig. 5 where significant microroughness and/or materials intermixing is evident at this upper interface. In contrast, the O-rich, ͑Hf-free͒ region produced at the HfO 2 -poly-Si interface of Fig. 3 contributes to the 0.6 nm EOT increase for this device. Although the mechanism of formation of this interlayer is not entirely understood, the oxygen originates from the dielectric film during SiH 4 flow of the ␣-Si deposition and no such O-rich region is produced when ␣-Si is deposited on TiN or other nonoxygen bearing films. The influence of the gate electrode on the trapping rate during single pulse measurements is illustrated in Fig. 6 where the pulse rise time, steady state voltage and fall time characteristics are indicated. 13 Generally, a decrease in drain current reflects electron trapping under the specified pulse condition. Since TiN devices exhibit both higher drain current and lower electron trapping, it suggests that the poly-Si electrode process may generate electron traps in the high-k film.
In summary, 3 nm ALD HfO 2 NMOS transistors were compared with TiN and poly-Si electrodes. Within the limits of the EELS spectrometer ͑a few at. %͒ it has been shown that the HfO 2 -Si IL is Hf-free and its higher permittivity is consistent with reduced SiO 2 . The production of an O-rich HfO 2 -poly-Si IL occurs at the expense of the dielectric and is proposed as a contributor to the total defect density affecting fast electron trapping. 6 . Single pulse measurements of NMOS transistors illustrates TiN devices achieve greater drive current response which sustains during the pulse plateau, unlike the poly-Si devices.
